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Abstract 
The relationship between the Palaeolithic-Neolithic cultural transition and environmental changes is 
important for understanding human history. However, the timing and nature of human behaviour at the 
transition, and their relationship to local environmental conditions, remain poorly understood. The 
Yujiagou archaeological site in the Nihewan Basin, northern China, provides valuable chronological and 
archaeological information about cultural changes in northern China due to its continuous archaeological 
sequence of cultural layers from the Palaeolithic to Neolithic. In this study, we apply post-infrared infrared 
stimulated luminescence (pIRIR) dating on individual feldspar grains to date the Yujiagou deposits. We 
provide a revised chronology for the archaeological sequence at the site. We combine these results with 
multi-proxy climatic indicators to gain insights into palaeoenvironmental changes in the region. The 
results show that the age of the artefact-bearing deposits ranges from 13.5 to 9.7 ka. Polished stones 
and pottery begin to occur in the archaeological layer around 13 ka, corresponding to a transitional period 
when the local climate changed from cold to warm. This site provides evidence for understanding the 
process that led to the regional transition from hunter-gathering to farming. 
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Abstract 18 
The relationship between Paleolithic-Neolithic cultural transition and environmental changes is 19 
important for understanding human history. However, the timing and nature of human behaviour of 20 
the transition, and their relationship to local environmental conditions, remain poorly understood. 21 
The Yujiagou archaeological site in the Nihewan Basin, north China, provides valuable chronological 22 
and archaeological information about cultural changes in north China due to its continuous 23 
archaeological sequence of cultural layers from Paleolithic to Neolithic. In this study, we apply post-24 
infrared infrared stimulated luminescence (pIRIR) dating on individual feldspar grains to date the 25 
deposits of Yujiagou. We hereby provide a revised chronology for the archaeological sequence at the 26 
site. We combine these results with multi-proxy climatic indicators to gain insights into the 27 
paleoenvironmental changes of the region. The results show that the age of the artefact-bearing 28 
deposits range from 13.5 to 9.7 ka. The polished stones and potteries started to occur in the 29 
archaeological layer around 13 ka, corresponding to a transitional period when the local climate 30 
changed from cold to warm. This site provides evidence for understanding the process that led to 31 
the regional transition from hunting-foraging to farming.   32 
KEYWORDS: Paleolithic-Neolithic transition, single grain, post-IR IRSL, Holocene, luminescence dating 33 
 34 
1 Introduction 35 
The transition from foraging to cultivation and animal husbandry is one of the most major 36 
revolutions in the history of humankind, namely the Neolithic revolution. To find out the reasons 37 
why some human societies changed their subsistence strategy, research on sites documenting the 38 
process of changing from small mobile hunter-gather to larger group of sedentary agriculturalists are 39 
necessary. The Yujiagou site, located in the north-eastern of the Nihewan Basin, north China, 40 
contains evidence of human occupation spanning from Late Paleolithic to Neolithic (Mei, 2007), 41 
providing ideal archaeological and environmental records for understanding the temporal dimension 42 
of changes in human behaviour and its relationship with environmental changes. Further research 43 
on Yujiagou site, however, has been hampered by questionable chronology.  44 
The first chronological study for the Yujiagou site was conducted by Chen (1999) using 45 
thermoluminescence (TL) on pottery shard, which yielded a single TL age of ~11.6 ka. Based on TL 46 
dating on fine-grain quartz from sediments, Xia et al. (2001) provided five TL ages ranging from ~2.1 47 
to ~12.2 ka for the whole section. They also discussed the environmental background of the site 48 
based on climatic proxies. However, the TL chronology on sediments may be questionable, because 49 
TL signals are hard to be bleached by sunlight and equivalent dose (De) measurements using TL may 50 
be affected by sensitivity change (Aitken, 1985), both may result in erroneous results. Compared to 51 
TL dating, optical dating of sediments has advantages of being able to be fully and quickly reset by 52 
sunlight (Huntley et al., 1985; Aitken, 1998), and, furthermore, reliable measurement procedures 53 
have been established to overcome sensitivity changes (e.g., Murray and Wintle, 2000; Roberts et 54 
al., 2015).  55 
Optical dating is commonly achieved by measuring the optically stimulated luminescence (OSL) from 56 
quartz or the infrared stimulated luminescence (IRSL) from feldspars (Aitken, 1998). Based on IRSL 57 
dating on fine polymineral grains, Nagatomo et al. (2009) reported two IRSL ages of ~9 ka for the 58 
samples from the Yujiagou site, but without any fading correction and stratigraphic information for 59 
their samples. Since it has been shown that the low-temperature IRSL signal from feldspars in this 60 
region suffers from anomalous fading (Guo et al., 2016), these IRSL ages may be underestimated. In 61 
a recent study on single-grain quartz from this site, Rui et al. (2018) found that the quartz OSL signal 62 
is thermally unstable and may result in significant age underestimation in age. Without a reliable 63 
chronological framework, it is difficult to discuss the environmental background and archaeological 64 
implication of this site. To address this problem, here we applied the newly developed post-IR IRSL 65 
measurements to overcome the anomalous fading (Thomsen et al., 2008; Li and Li, 2011; Blegen et 66 
al., 2015). We measured individual K-feldspar grains to test and identify incomplete signal resetting 67 
or post-depositional mixing of sediments (Jacobs and Roberts, 2007; Jacobs et al., 2011). We 68 
established a reliable chronological frame for the Yujiagou site. With the revised chronology, we 69 
discuss the environment background of the Yujiagou site and its implication to the process of change 70 
from small mobile hunter-gather to larger group of sedentary agriculturalists.  71 
2 Stratigraphy and archaeological contexts 72 
The Yujiagou site (114°28’47”E, 40°09’49”N, 865 m a.s.l.) is located at the northeastern edge of the 73 
Nihewan Basin (Fig. 1b). This site is situated on the second river terrace of the Yujiagou gully — one 74 
of the tributary of the Sanggan River (Xie et al., 2006). The deposits of the site are mainly water-lain 75 
and reworked loess material. The Yujiagou site was discovered in 1965 and first excavated in 1972 – 76 
1974 by the Institution of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of 77 
Sciences. In 1995 – 1999, the second excavation was conducted by a joint archaeological team of 78 
Cultural Relics of Hebei Province and School of Archaeology and Museology, Peking University. This 79 
site consists of two trenches (Yujiagou and Yujiagou_A) several meters away from each other, with 80 
exposed areas of about 80 and 40 m2, respectively. The sedimentary profiles of the two trenches are 81 
identical and were divided into seven stratigraphic layers, including Layers 1 to 7 from the top to the 82 
bottom (Mei, 2007) (Fig. 2), based on the colour and texture of the deposits. The sedimentary 83 
features of each layer were described by Mei (2007) and are summarised as follow: 84 
Layer 1: disturbed surface soil (~0.3 m thick). Pottery and ceramic fragments were recovered from 85 
this layer. 86 
Layer 2: black-brown clayey silt layer with plant root (~1.3 m thick). A total of 631 remains were 87 
excavated from this layer (from both Yujiagou and Yujiagou_A), including 389 knapped stone 88 
artefacts, 11 polished stone artefacts, 7 bone tools, 27 pottery shards, 3 ornaments, 8 burned bones, 89 
9 rocks and 177 animal remains. The knapped stone artefacts consist of hard hammers (n = 2), cores 90 
(n = 18), microcores (n = 3, two cylindrical and one conical microcores), flakes (n = 201), bipolar 91 
flakes (n = 1), microblades (n = 23), blades (n = 3), tools (n = 40), chunks and debris (n = 98). The tool 92 
assemblage is composed of single scrapers (n = 11), double scrapers (n = 5), multiple-edge scrapers 93 
(n = 1), end scrapers (n = 4), transverse scrapers (n = 2), points (n = 2), borers (n = 1), arrowheads (n 94 
= 4), notches (n = 2), denticulate (n = 1), chopper (n = 1), multi-function tools (n = 4) and unidentified 95 
tools (n = 2). The polished stone artefacts include one stone shovel, one millstone, three stone rods, 96 
three stone axes, one stone arrowhead and two broken fragments of unidentified tools. The bone 97 
tools are composed of one bone dagger and six bone awls. One kiln site and one tomb were also 98 
recovered from the bottom of this layer.  99 
Layer 3a: dark yellow-brown clayey silt layer with a loose texture (~1.5 m thick): a total of 784 100 
remains were recovered from this layer, including 292 knapped stone artefacts, 1 polished stone 101 
artefact (stone axe), 2 pottery shards, 2 ornaments, 18 burned bones, 4 natural gravels and 465 102 
animal remains. Fig. 3a shows the stone axe, which is polished overall with an oval-shaped cross-103 
section. It is 102 mm in length, 16 mm in thickness. The haft part and cutting edge are 15.4 mm and 104 
39 mm in length respectively. There are only 177 of the total knapped stone artefacts being 105 
analyzed, consisting of cores (n = 2), bipolar core (n = 1), wedge-shaped microcores (n = 9), conical 106 
microcores (n = 2) (e.g. Fig. 3b), flakes (n = 90), retouched flakes (n = 6), spalls (n = 4) (e.g. Fig. 3c), 107 
microblades (n = 7), tools (n = 40) and chunks and debris (n = 16). The tool assemblage is composed 108 
of single scrapers (n = 14), double scrapers (n = 2), multi-edge scraper (n = 1), end scrapers (n = 5), 109 
transverse scrapers (n = 2), notches (n = 5), points (n = 3), arrowhead (n = 1), borer (n = 1), adze (n = 110 
1) and multi-function tools (n = 5).  111 
Layer 3b: light yellow-brown clayey silt layer with a compact texture (~1.3 m thick). A total of 16,127 112 
remains were recovered from this layer, including 3,689 knapped stone artefacts, 1 polished 113 
hornwork, 8 pottery shards, 19 ornaments, 534 burned bones, 28 rocks and 11848 animal remains. 114 
The numbered and analyzed knapped stone artefacts consist of cores (n = 8), bipolar cores (n = 6), 115 
wedge-shaped microcores (n = 86), cylindrical microcore (n = 1), boat-shaped like microcore (n = 1), 116 
flakes (n = 573), retouched flakes (n = 43), spalls (n = 22), blades (n = 2), microblades (n = 97), tools 117 
(n = 211) and chunks and debris (n = 124). The stone tool assemblage includes choppers (n = 6), 118 
scrapers (n = 149), notches (n = 9), denticulate (n = 3), points (n = 8), spearheads (n = 2), arrowheads 119 
(n = 1), awls (n = 6), borers (n = 3) and multi-function tools (n = 24). Two stone mills were recovered 120 
from this layer.  121 
Layer 4: a grey-yellow clayey silt layer (~0.6 m thick). A total of 11,199 remains were recovered from 122 
this layer, including 6,793 knapped stone artefacts, 1 polished stone artefact, 3 pottery shards, 11 123 
ornaments, 630 burned bones, 3 rocks and 3,758 animal remains. One broken stone mill was 124 
recovered from the top of this layer, which is made of reddish brown sandstone (Fig. 3d). It is 94 mm 125 
in diameter and 8 mm in thickness.  126 
Layer 5: a brown clayey silt layer (~0.8 m thick): stone artefacts were mostly from the lower part of 127 
this layer, and a total of 1,315 remains were recovered from this layer, including 408 knapped stone 128 
artefacts, two ornaments, 46 burned bones and 859 animal remains. Ochre (red mudstone and 129 
hematite) were also recovered.  130 
Layer 6: a grey-green silt layer inter-bedded with brown coarse sands (~0.3 m thick): a total of 517 131 
remains were recovered from this layer, including 107 knapped stone artefacts (wedge-shaped 132 
microcores, microblades, scrapers, etc.), 15 burned bones and 395 animal remains. 133 
Layer 7: sand with gravels (> 0.4 m thick): a total of 1,225 remains were recovered from this layer, 134 
including 291 knapped stone artefacts (wedge-shaped microcores, end scrapers, spearheads, 135 
choppers, etc.), one ornaments, 20 burned bones and 913 animal remains. 136 
The raw materials of the stone artefacts are dominated by quartzite, followed by flint and agate, and 137 
then a small number made of other kind of rocks (hornstone, tuff, mudstone, siliceous rock, etc.). As 138 
a huge number of microliths were found in Layers 5 – 7 without any polished stone or pottery shard, 139 
these layers were considered to be associated with Paleolithic stage (Xia et al., 2001; Mei, 2007). 140 
Layers 3a – 4 contain a small number of polished stones and pottery shards, which became 141 
abundant in Layer 2. Xia et al. (2001) and Mei (2007) proposed that Layers 3a – 4 represent the 142 
transition period from Paleolithic to Neolithic, and Layer 2 is corresponding to Neolithic stage.  143 
3 Samples and methods 144 
A total of 10 sediment samples were collected from Layers 1 to 5 at Yujiagou (Fig. 2, Table 1). We did 145 
not take samples from the gravel layer (Layer 7), because we could not find materials suitable for 146 
dating. The lowest sample (YJG-10) was collected from the boundary between Layer 5 and 6. All the 147 
samples were collected either using stainless steel tubes or as blocks. After the samples were 148 
removed from the section, they were immediately sealed with light-proof materials and transported 149 
to the Luminescence Dating Laboratory at the University of Wollongong for preparation and analysis.  150 
3.1 Sample preparation 151 
Sample preparation was conducted under subdued red-light conditions. About 2 cm from both ends 152 
of the sampling tubes and the outer surface (~1 cm) of the sample blocks were removed, as they 153 
may potentially be exposed to sunlight during sampling, and were used for determining 154 
environmental dose rates. The interior samples were used to isolate quartz and potassium-rich 155 
feldspar (K-feldspar) grains for equivalent dose (De) determination. The samples were treated with 156 
hydrochloric acid (HCl) and hydrogen peroxide (H2O2) to remove carbonates and organic material, 157 
respectively. Fractions of grains of 180–212 µm diameter were separated by wet sieving. Density 158 
separation using sodium polytungstate solutions were used to isolate quartz and K-feldspar. The 159 
quartz and K-feldspar fractions were then etched in 40% and 10% hydrofluoric acid (HF) acid, 160 
respectively, for 40 min to remove the alpha-irradiated outer layer and remove any feldspar grains 161 
from the quartz fraction. After HF etching, they were rinsed with 10% HCl to remove any fluorides 162 
formed during HF etching. Finally, these grains were dried and re-sieved to recover grains in selected 163 
size fraction.  164 
3.2 Dose-rate measurements 165 
For the estimation of the environmental dose rate, the U and Th contents were determined by using 166 
a Thick Source Alpha Counting (TSAC) technique, and the K concentrations were obtained using X-ray 167 
Fluorescence (XRF). Cosmic-ray dose rates were estimated from the burial depth of each sample and 168 
the latitude, longitude and altitude of the site (Prescott and Hutton, 1994). As the last excavation 169 
was conducted in 1990s, the section had been exposed for nearly two decades before sampling. The 170 
sediments were thus partly dried up, so the water contents measured from our sample (ranging 171 
from 1.3 to 2.2 %) should not represent their long-term effective water contents. We have used a 172 
value of 15 ± 5% for all the samples, recommended by Guo et al. (2016) for their samples from the 173 
same region.  174 
For the calculation of the internal dose rate, Phenom XL Scanning Electron Microscope (SEM) 175 
analysis was conducted to measure 21 K-feldspar grains from sample YJG-8 that were accepted for 176 
De determination. For each grain, one or two arbitrary points on the polished surface were 177 
measured. The K content ranges from ~11 to ~13% (Table 2), so we have used about a value of 12 ± 178 
1% for internal K content. Minor contribution from Rb was calculated by assuming a concentration 179 
of 400 ± 100 ppm (Huntley and Hancock, 2001). The dosimetry data for all samples are summarised 180 
in Table 1. 181 
3.3 Single-grain feldspar measurement  182 
We first conducted OSL measurement on quartz grains. However, a large grain-to-grain variation in 183 
thermal stability was identified on single-grain quartz from our samples based on pulse-annealing 184 
measurement (Rui et al., 2018). The short lifetime of unstable quartz grains resulted in significant 185 
underestimation in De estimation. We, therefore, dated our samples based on the pIRIR signals from 186 
K-feldspar grains. The K-feldspar grains were measured using a Risø OSL/TL reader (DA-20) equipped 187 
with automated sample changer, heater plate, infrared diode (875 nm), calibrated 90Sr/90Y beta 188 
source, and single grain attachment (Bøtter-Jensen et al., 2003). A 150 mW infrared (IR) laser (830 189 
nm) was used for stimulating individual K-feldspar grains. The beam from the IR laser is focused 190 
down to ~30 µm across a grid of 10 × 10 holes drilled into the surface of 9.7 mm diameter sample 191 
discs (Bøtter-Jensen et al., 2000). The stimulated signal was measured with an Electron Tubes 9235B 192 
photo-multiplier (PM) tube through a blue filter pack of Schott BG-39 and Corning 7-59 filters.  193 
De measurements were made using the single-grain pIRIR procedure (Table 3) proposed by Blegen et 194 
al. (2015). In this procedure, all the grains from the same disc were firstly bleached at 200 °C for 200 195 
s using IR diodes, and then the pIRIR signals from individual grains were stimulated at 275 °C for 1.5 s 196 
using IR laser. A high-temperature bleach at 340 °C for 100 s was conducted at the end of each SAR 197 
cycle. The dose response curve (DRC) for each grain is constructed using the sensitivity-corrected 198 
pIRIR signals (Lx/Tx) induced from a series of regenerative doses, including a duplicate dose and a 199 
zero dose to monitor the recycling ratio and the extent of recuperation, respectively. The De value of 200 
each grain was obtained by interpolating the sensitivity-corrected natural pIRIR signal (Ln/Tn) on to 201 
its corresponding DRC, which was fitted using general order kinetic (GOK) function (Guralnik et al., 202 
2015). The data analysis involved in De determination was achieved using the R (R Core Team, 2016) 203 
and R packages numOSL (Peng et al., 2013; Peng and Li, 2017) and Luminescence (Kreutzer et al., 204 
2012). 205 
The net pIRIR signals used for De estimation were calculated as the sum of counts in the first 0.15 s 206 
of pIRIR decay minus a ‘late light’ background estimated from the mean count rate over the final 207 
0.15 s. Grains were held for 0.05 s before and after IR stimulation to monitor any interference from 208 
isothermal decay. Grains were rejected if the resulting pIRIR data failed to satisfy a series of well-209 
established criteria similar to those proposed by Jacobs et al. (2006), namely if: (1) the initial Tn 210 
signal is less than 3 sigma above its corresponding background or its relative error is >25%; (2) the 211 
recuperation ratio is larger than 5% (the ratio of the zero-dose to the maximum regenerative-dose); 212 
(3) the recycling ratio differed from unity by more than 2 sigma; (4) the DRC provided a poor fit to 213 
the Lx/Tx data points (i.e., the reduced chi squared value is larger than 5)(Peng and Li, 2017); and (5) 214 
the Ln/Tn value was statistically consistent (at 2σ) with or exceeded the saturation level of the 215 
corresponding DRC. Four or five discs (400 or 500 grains) were measured and at least 40 grains were 216 
accepted for each sample. Typical pIRIR Tn decay curve and DRC are shown in Fig. 4a and 4b for an 217 
accepted feldspar grain from sample YJG-07. 218 
4 Results            219 
To test the suitability of the single grain pIRIR procedure for our samples, residual dose and dose 220 
recovery tests were performed on one sample (YJG-07). In the tests, K-feldspar grains were first 221 
bleached for ~8 h using a Dr Hönle solar simulator (model: UVACUBE 400). Residual doses of the 222 
pIRIR signals were determined by measuring 200 bleached grains (2 discs) using the single-grain 223 
pIRIR procedure in Table 3. A total of 34 grains were accepted after applying the rejection criteria 224 
mentioned above and their residual doses are shown in Fig. 4d. We applied the Central Age Mode 225 
(CAM) (Galbraith et al., 1999) to estimate the weighted mean of residual dose, which yielded a value 226 
of 6.6 ± 0.7 Gy. 227 
In the dose recovery test, a laboratory beta dose of ~35 Gy was given to 500 bleached grains (5 228 
discs). The given dose was then measured as an ‘unknown’ dose using the procedure in Table 3. A 229 
total of 101 grains were accepted for dose determination after applying the criteria mentioned 230 
above. The distribution of recovered doses is shown in Fig. 4c. The dose recovery ratio (the ratio of 231 
measured to given dose) is 1.00 ± 0.03, after correcting residual dose. This result indicates that the 232 
given dose can be successfully recovered using the pIRIR procedure. 233 
Anomalous fading tests were conducted on multi-grain single aliquots with two samples (YJG-04 and 234 
YJG-08) using a single aliquot procedure similar to that described by Auclair et al. (2003), but based 235 
on a pIRIR procedure. The results show that the two samples have similar anomalous fading rates 236 
(Fig. 5). The average g-values for the IRSL (200 °C) and pIRIR (275 °C) signals from the samples are 2.6 237 
± 0.3 and 0.3 ± 0.5 %/decade, respectively, indicating that the pIRIR signals suffer negligible 238 
anomalous fading.  239 
Based on the performance tests described above, we used the single-grain pIRIR procedure to 240 
estimate the De values for the Yujiagou samples. The obtained pIRIR De distributions for all the 241 
samples are shown in Figs. 6 and 7, respectively. For the eight samples from lower layers (YJG-03–242 
10), their over-dispersion (OD) values are between 17 and 28%, which are similar to those reported 243 
for well-bleached samples (Arnold et al., 2009; Arnold and Roberts, 2009). These OD values are 244 
consistent or slightly higher than the value obtained from dose recovery (~18%, Fig. 4c), which is 245 
expected as there are some additional dispersion from microdosimetry and unrecognised 246 
uncertainty in measuring natural signals (e.g., Galbraith and Roberts, 2012; Guérin et al., 2015). 247 
Most of the De values are randomly centred around the central values obtained using CAM, 248 
indicating that the deposits were sufficiently bleached prior to burial and there is no significant post-249 
depositional mixture or disturbance for these layers. We, therefore, applied the CAM to calculate 250 
the final De values for these samples.  251 
For the two topmost samples (YJG-01 and YJG-02), many feldspar grains yield De values close to zero 252 
(Fig. 6). These OD values are significantly higher than those of the lower samples (17 – 28%). Using 253 
CAM, the De values are 3.1 ± 0.3 and 3.0 ± 0.4 Gy and the corresponding OD are 152.0 ± 38.4 and 254 
114.1 ± 46.4 %. As mentioned above, the grains with weak Tn signal were rejected by either the 255 
initial signal is less than 3 sigma above its background or its relative error is >25%, any grains with 256 
low signal brightness should not be accepted for De estimation. Hence, the presence of these 257 
modern or young feldspar grains can be explained by post-depositional mixing, supported by the 258 
field observation that Layer 1 is a disturbed layer with many vertical joints. In fact, the reason for the 259 
post-depositional mixing of the upper layers is most likely due to recent agricultural activities, which 260 
can be seen from the site where crop is still planted on the top surface. We, therefore, cannot 261 
provide reliable ages for these two samples. However, applying the Maximum Age Model (MAM) 262 
(Galbraith et al., 1999) allows us to constrain their minimum ages. To apply MAM, a σb value 263 
representing the expected over-dispersion for a well-bleached and non-disturbed sample, is needed. 264 
We have used a σb value of 22% for our samples, based on the average OD values (17 to 28%) from 265 
the lower samples, in which no evidence of post-depositional mixture was observed. The MAM 266 
yielded maximum De values of 6.0 ± 0.4 Gy and 10.2 ± 2.2 Gy for YJG-01 and YJG-02, corresponding 267 
to the ages of 1.6 ± 0.1 ka and 2.7 ± 0.6 ka, respectively.  268 
The presence of many zero-dose grains in the top samples indicates that the pIRIR signal of the K-269 
feldspar grains of our samples can be sufficiently bleached prior to deposition and has negligible 270 
residual doses. We, therefore, did not make correction for residual doses when calculate the final De 271 
values for the other samples.  272 
Ages for our samples were calculated by dividing the De values (MAM for YJG-01 and 02; CAM for 273 
others) by the total dose rates (Table 1, Fig. 8). The sample YJG-03 from bottom of Layer 2 was dated 274 
to 9.8 ± 0.6 ka. The four samples (YJG-04–07) from Layer 3a were dated from 9.7 ± 0.7 to 12.2 ± 0.7 275 
ka, and three samples (YJG-08–10) collected from Layers 3b, 4 and 5 gave the ages of 12.8 ± 0.7 ka, 276 
13.5 ± 0.9 ka and 13.5 ± 0.8 ka, respectively. The pIRIR ages are in stratigraphic order, further 277 
supporting that our samples were fully bleached prior to deposition.  278 
5 Discussion 279 
5.1 Revised chronologies 280 
Fig. 8 summarises the revised luminescence chronology of the Yujiagou site based on single grain 281 
pIRIR age estimates, in comparison with previously age estimates provided by Xia et al. (2001) and 282 
Chen (1999). We did not show the two IRSL ages from Nagatomo et al. (2009) as the depths of their 283 
samples are not reported. The K-feldspar pIRIR ages of all our 10 samples are in stratigraphic order, 284 
increasing down-profile from layer 5 (13.5 ± 0.8 ka: YJG-10) to layer 1 (1.6 ± 0.1 ka: YJG-01). The age 285 
of Layer 3b (12.8 ± 0.7 ka) is consistent with the TL age (11.6 ka) obtained from a pottery fragment 286 
from the same layer (Chen, 1999), further supporting the reliability of our chronology.  287 
Compared to the fine-grained quartz TL ages (Xia et al., 2001), our pIRIR ages are consistent with the 288 
TL ages for samples from the boundaries between Layers 1 and 2 and between Layers 6 and 7. The 289 
TL ages from Layers 2 and 3a, however, are underestimated, probably due to uncorrected sensitivity 290 
changes in TL measurements.  291 
5.2 Paleoenvironmental implications 292 
Xia et al. (2001) studied several climatic and environmental proxies, including fossil pollen 293 
assemblages, carbonate content, total organic carbon (TOC) and oxygen-carbon isotope of 294 
carbonate, for the Yujiagou section. Based on the proxy records, they divided the Yujiagou section 295 
into 4 stages (Fig. 8). According to our revised chronology, the four stages of climatic and 296 
environmental changes recorded in the Yujiagou section are described as follows.  297 
5.2.1. Stage 4 (≥13.5 ka) 298 
This stage corresponds to Layers 7–5. The age estimates (≥ 13.5 ka) suggest that these layers were 299 
deposited during the last glacial period. This is consistent with the evidence from climatic and 300 
environmental proxy records, characterised by low TOC values and a pollen assemblage dominated 301 
by herb indicating less dense boschveld condition. This stage also demonstrated the lowest 18O 302 
values and highest 13C values, suggesting a cold and dry climatic condition. Despite a cold and dry 303 
climate, the discovery of a few stone artifacts from these layers indicates that human activity was 304 
still presence in this region during this period. 305 
5.2.2. Stage 3 (13.5 – 9.7 ka) 306 
This stage is associated with layers 4–3a, dated from about 13.5 to 9.7 ka, so it belongs to the 307 
transitional period from the last deglaciation to the early Holocene. During this stage, herb 308 
predominates the pollen assemblage suggesting a temperate steppe or boschveld environment. This 309 
stage is also characterized by high values of 18O and relative high value of 13C, supporting a warm and 310 
dry condition during this period. Thousands of microliths were recovered, and polished stones and 311 
potteries firstly appeared, indicating that human activities became more intensified during this 312 
period.    313 
5.2.3. Stage 2 (9.7 – ? ka) 314 
This stage is associated with Layer 2, corresponding to Holocene period. Since the top of this layer 315 
was subjected to post-depositional mixture, the maximum pIRIR age (~2.7 ka) obtained for YJG-02 316 
can only be regarded as a minimum estimate of the true depositional age, so the upper part of this 317 
layer was deposited at ~2.7 ka or probably slightly earlier. During this stage, herb was prevailing in 318 
the pollen assemblage, but the amount of woody plants and fern spores increased, which indicates a 319 
temperate forest steppe environment. This stage is characterized by high TOC, relatively high 18O, 320 
the lowest 13C, suggesting that this period was warm and humid. A total of 389 chipped stone 321 
artefacts, 11 polished stone artefacts, 27 pottery shards and three ornaments were discovered from 322 
this layer. 323 
5.2.4. Stage 1 (< 1.6 ka) 324 
This stage is associated with Layer 1, which was significantly affected by post-depositional mixture, 325 
as indicated by pIRIR results of YJG-01. Given this reason, we can only tentatively assign the 326 
maximum age estimate of YJG-01 (~1.6 ka) as the true depositional age of its bottom part. Herb still 327 
maintains its previous dominant level in this pollen assemblage, and fern spores increase 328 
progressively. This stage is characterized by high 18O and 13C values, indicating a warm and dry 329 
(compare to stage 2) climate, which is also supported by the relatively high TOC values. These 330 
indicate that the local environment was a relatively temperate forest steppe with a warm and damp 331 
climatic condition.  332 
We have summarised the paleoclimate reconstructed from the Yujiagou section in Fig. 9, with 333 
comparison with those obtained from other regions in northern China (Fig. 1a), including Daihai lake 334 
(Xiao et al., 2004), Mu Us Desert (Sun et al., 2006), and Hani peat bog (Seki et al., 2009; Zhou et al., 335 
2010). It is shown that the Holocene climate in the Nihewan Basin is not completely consistent with 336 
those for other localities in north-central China. This may indicate that the Holocene climate 337 
evolution in north-central China was a regional phenomenon, and the East Asian monsoon variably 338 
affected different regions at different time scales (Cai et al., 2010; Liu et al., 2015; Zou et al., 2018).  339 
5.3 Archaeological implications 340 
Microliths were discovered in the Yujiagou site from Layers 7–2, dated to 13.5–9.7 ka. The earliest 341 
microblade in the Nihewan Basin was found in the Zhiyu site (dated to 31–39 ka) (Institute of 342 
Archaeology, 1991; Yuan, 1993), and typical microblade was found at the Youfang site (dated to 26–343 
29 ka) (Nian et al., 2014) (Fig. 1b). Further study of the characteristics of the microliths in the 344 
Yujiagou and the comparison with the former two sites is necessary to provide more information 345 
about timeline of stone techniques development in this region.  346 
Potteries (three shards) were first discovered in Layer 4 (~13 ka), and was found continuously up to 347 
Layer 2 (~9.7 ka), where microblades and animal bones were significantly reduced. The polished 348 
stones also appeared together with the pottery. Both the potteries and polished stones in the 349 
Yujiagou are oldest in the Nihewan Basin, although they were also found in the Heitupou site (~7.5 350 
ka) and the Jiangjialiang site (~6.8 ka) at this region (Xie et al., 2006).  351 
The production of polished stone has been regarded as a millstone of Neolithic stage, because it can 352 
be used to process plant resources, such as cereals, acorns, or roots, by rubbing and grinding 353 
(Wright, 1994; Fullagar and Field, 1997). Pottery can be used for food preparation, storage, cooking 354 
(starch-rich food and meat) and extraction of marrow and grease (Hayden, 2003; Carmody et al., 355 
2011; Prendergast et al., 2009). So, the appearance of pottery and polished stones in the Yujiagou 356 
site at ~13 ka ago indicates better utilize existing resources by consuming foods that are hard to 357 
process and digest and by more efficient extraction of their nutritional elements (Shelach, 2012; 358 
Stiner, 2001). Extraction of plant starch grains from the polished stones and potteries in Yujiagou 359 
and use-wear analyses are necessary for further investigation about the diet of ancient human and 360 
the transition process from the Paleolithic to Neolithic culture in the Nihewan Basin. 361 
Our new dating results, together with the paleoenvironmental record, suggest that the polished 362 
stones and pottery sherds appeared when the climate became warmer. It is interesting that in 363 
Yujiagou the change from Paleolithic to Neolithic are associated with a period of slightly humid 364 
(compare with Stage 4) and warmer climate with less survival stress. Besides, the zooliths were 365 
hardly found in Layer 2, indicating that gathering and food processing might had substituted hunting 366 
as primary modes of living and production at that time and the change of living and production 367 
mode resulted in an advancement of tools and cultural development (Xia et al., 2001). 368 
6 Conclusions 369 
The age of the Yujiagou site in the Nihewan Basin of northern China have been reinvestigated in this 370 
study using pIRIR dating procedure for single grains of K-feldspar. Our results suggest that the 371 
cultural layers at Yujiagou site were deposited during 13.5–9.7 ka. Our ages also indicate that the 372 
polished stones and potteries started from ~13 ka in this site, corresponding to a warm and dry 373 
condition. The appearance of these new technologies may imply an exploitation of a wider range of 374 
plants and benefit to their domestication. Further investigations, including extracting plant starch 375 
and animal proteins from potteries and grinding stones and use-wear studies, are necessary for 376 
better understanding the diet of ancient human populations and the transition process from the 377 
Paleolithic to Neolithic culture in the Nihewan Basin. 378 
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Table 1 




U, ppm Th, ppm K, % 




De, Gy Age, ka 
b 
External Internal Total 
     Gamma Beta Cosmic     
Layer 1             
YJG-01 0.3 3.65 ± 0.16 8.0 ± 1.2 1.89 1.08 ± 0.08 1.63 ± 0.11 0.21 ± 0.03 0.85 ± 0.14 3.77 ± 0.18 90/500 6.0 ± 0.4 1.6 ± 0.1 
Layer 2             
YJG-02 0.7 3.15 ± 0.13 8.48 ± 1.07 1.95 1.07 ± 0.07 1.63 ± 0.11 0.19 ± 0.03 0.85 ± 0.14 3.74 ± 0.18 71/500 10.2 ± 2.2 2.7 ± 0.6 
YJG-03 1.5 3.74 ± 0.15 6.49 ± 1.04 1.96 1.04 ± 0.07 1.65 ± 0.10 0.17 ± 0.03 0.85 ± 0.15 3.71 ± 0.18 77/500   36.5 ± 1.4 9.8 ± 0.6 
Layer 3a             
YJG-04 1.9 3.94 ± 0.17 8.15 ± 1.24 2.00 1.13 ± 0.08 1.71 ± 0.10 0.17 ± 0.03 0.85 ± 0.14 3.86 ± 0.18 40/400 37.5 ± 2.0 9.7 ± 0.7 
YJG-05 2.3 3.72 ± 0.13 5.28 ± 0.90 2.03 1.01 ± 0.07 1.68 ± 0.10 0.16 ± 0.02 0.85 ± 0.14 3.70 ± 0.18 102/500 42.0 ± 1.2 11.4 ± 0.7 
YJG-06 2.6 3.51 ± 0.15 7.69 ± 1.15 2.01 1.07 ± 0.08 1.66 ± 0.10 0.16 ± 0.02 0.85 ± 0.14 3.74 ± 0.18 76/500 50.2 ± 1.4 13.4 ± 0.8 
YJG-07 3.0 4.04 ±0.13 5.41 ± 0.87 2.01 1.05 ± 0.07 1.72 ± 0.10 0.15 ± 0.02 0.85 ± 0.14 3.77 ± 0.18 74/500 46.1 ± 1.3 12.2 ± 0.7 
Layer 3b             
YJG-08 3.6 4.03 ± 0.14 5.52 ±0.94 2.02 1.04 ± 0.07 1.68 ± 0.10 0.14 ± 0.02 0.85 ± 0.14 3.71 ± 0.18 85/500 47.6 ± 1.1 12.8 ± 0.7 
Layer 4             
YJG-09 5.0 4.19 ± 0.17 7.70 ± 1.20 1.76 1.06 ± 0.08 1.61 ± 0.10 0.13 ± 0.02 0.85 ± 0.14 3.65 ± 0.18 51/400 49.4 ± 1.8 13.5 ± 0.9 
Layer 5             
YJG-10 5.8 4.61 ±0.18 8.65 ± 1.28 1.79 1.13 ± 0.08 1.69 ± 0.10 0.12 ± 0.02 0.85 ± 0.14 3.79 ± 0.18 82/400 51.3 ± 1.3 13.5 ± 0.8 
 
a The external dose rates were corrected for water attenuation by a water content of 15 ± 5%. 
b A relative error of 2% was included in the uncertainty on the final ages to allow for possible bias in the calibration of the laboratory beta source
 1 
Table 2 2 





K % Na % Ca % Total % a Corrected K % a 
Grain 1 point 1 8.77 1.29 0.12 77.98 11.25  
point 2 8.78 1.01 0.1 74.72 11.75 
Grain 2 point 1 9.27 1 0.11 78.16 11.86  
point 2 8.81 1.07 0.1 75.61 11.65 
Grain 3 point 1 9.25 0.99 0.19 78.46 11.79  
point 2 9.14 0.92 0.14 76.53 11.94 
Grain 4 point 1 8.97 1.1 0.17 77.58 11.56  
point 2 9.06 0.99 0.26 77.59 11.68 
Grain 5 point 1 9.18 0.64 0.07 73.14 12.55  
point 2 9.53 0.67 0 75.48 12.63 
Grain 6 point 1 9.25 0.85 0.09 76.17 12.14  
point 2 9.25 0.75 0.19 75.72 12.22 
Grain 7 point 1 8.85 1.18 0.13 77.36 11.44 
Grain 8 point 1 9.57 0.62 0.17 76.38 12.53  
point 2 9.68 0.77 0.14 78.66 12.31 
Grain 9 point 1 9.37 0.8 0 75.83 12.36  
point 2 9.3 0.69 0.26 75.88 12.26 
Grain 10 point 1 9.46 0.75 0.14 76.87 12.31  
point 2 9.12 0.63 0.18 73.36 12.43 
Grain 11 point 1 9.1 0.98 0 75.96 11.98  
point 2 9.04 1.05 0 76.33 11.84 
Grain 12 point 1 9.16 0.9 0 75.47 12.14 
Grain 13 point 1 9.44 0.75 0.1 76.45 12.35 
Grain 14 point 1 9.56 0.84 0.07 78.12 12.24 
Grain 15 point 1 9.47 0.83 0.09 77.51 12.22 
Grain 16 point 1 9.54 0.86 0.11 78.49 12.16  
point 2 9.47 0.79 0.19 77.74 12.18 
Grain 17 point 1 9.52 0.83 0.18 78.49 12.13 
Grain 18 point 1 9.21 1.08 0.13 78.78 11.69  
point 2 9.25 0.93 0.24 78.12 11.84 
Grain 19 point 1 9.43 0.94 0.05 78.20 12.06 
Grain 20 point 1 9.16 0.96 0.12 76.99 11.90  
point 2 9.6 0.76 0.1 77.70 12.35 
Grain 21 point 1 9.51 0.66 0 75.23 12.64  
point 2 9.43 0.7 0.14 76.09 12.39 
 4 
a Total % represent the sum of the weight concentration percentage of KAlSi3O8, NaAlSi3O8, and 5 
CaAl2Si2O8 in each grain, based on the measured result of K%, Na% and Ca% by the Phenom XL 6 
Scanning Election Microscope (SEM), respectively. As KAlSi3O8, NaAlSi3O8, and CaAl2Si2O8 should 7 
makes up 100% for feldspar, the lower total percentage is a result of background signal of oxygen 8 
from resin that was used to mount grains for measurements. As a result, the K % has been corrected 9 
for the loss in total percentage.   10 
 11 
Table 3 12 
The single-grain post-infrared infrared stimulated luminescence (pIRIR) measurements. 13 
Step Treatment Signal 
1 Give regenerative dose, Di  
2 Preheat at 320 °C for 60 s  
3 IRSL measurement at 200 °C for 200 s  
4 SG IRSL measurement at 275 °C for 1.5 s Lx(275) 
5 Give test dose, Dt  
6 Preheat at 320 °C for 60 s  
7 IRSL measurement at 200 °C for 200 s  
8 SG IRSL measurement at 275 °C for 1.5 s Tx(275) 
9 IR bleach at 340 °C for 100 s  
10 Return to step 1  
 14 
  15 
Figures’ captions 16 
Fig. 1. (a) Map showing the locations of the Nihewan Basin (red rectangle), Daihai lake, Mu Us Desert 17 
(MU) and Hani bog mentioned in the text. (b) DEM map showing the Nihewan Basin (dasheed line), 18 
the Sanggan River and the archaeological sites with microblade tools. 19 
Fig. 2. Photograph of the west section of Yujiaghou_A showing the stratigraphy and the position of 20 
dating samples.  21 
Fig. 3. Drawing of stone artefacts at Yujiagou (from Mei, 2007): (a) stone axe (no. 3: 259), (b) conical 22 
microcore (no. 3: 10), (c) spall (no. 3: 134), and (d) stone mill (no. A4: 7).   23 
Fig. 4. (a) pIRIR decay curve for one feldspar grain from sample YJG-07. (b) The dose response curve 24 
for the same grain. The solid squares represent the sensitivity-corrected regenerative signals (Lx/Tx). 25 
The open squares represent the sensitivity-corrected natural signal (Ln/Tn). The data points are fitted 26 
using a general-order kinetic (GOK) function of the form I = a*[1-(1+b*c*x)(-1/c)]+d, where x is the 27 
regenerative dose and parameters a, b, c and d are constants. De is obtained by projecting the Ln/Tn 28 
onto the fitted curve and interpolating the dose axis (dashed lines). (c) Equivalent dose (De) values 29 
for 101 accepted grains of sample YJG-07 that had been optically bleached and given a known beta 30 
dose of 35 Gy. The shaded region indicates the 2σ range from the weighted mean calculated using 31 
Central Age Model (CAM). (d) Distribution of residual dose values for all accepted grains of the same 32 
sample. 33 
Fig. 5. Anomalous fading results of the IRSL and pIRIR signals from samples YJG-04 (a) and YJG-08 (b). 34 
t is delayed period and tc is calculated as the time from the middle point of irradiation and the 35 
beginning of measurement. The g-values of these two samples are summarized in (c).   36 
Fig. 6. Histogram summarising the De distribution for the accepted grains from (a) YJG-01 and (b) 37 
YJG-02. (c) and (d) are the corresponding radial plots of these two samples. The red lines indicate the 38 
De results obtained using the maximum age model.       39 
Fig. 7. (a)–(h) De distribution for the accepted grains of samples YJG-03–10, respectively. The shaded 40 
region indicates the 2σ range from the weighted mean calculated using CAM. 41 
Fig. 8. Diagram of feldspar single-grain ages, fine quartz single aliquot TL (Xia et al., 2001) and 42 
pottery TL (Chen, 1999) ages, lithology sequence, main sporopollen percentage, oxygen and carbon 43 
isotopic records, and CaCO3 and TOC contents in the Yujiagou site (modified after Xia et al., 2001). 44 
The dotted black lines in (a) shows the boundaries between different layers. The dashed blue lines in 45 
(c) – (j) shows the boundaries between different stages. 46 
Fig. 9. Comparison of the climate histories of the study region and other localities in north China, 47 
including Daihai Lake (Xiao et al., 2004), Mu Us Desert (Sun et al., 2006), and Hani peat bog (Seki et 48 
al., 2009; Zhou et al., 2010). The solid lines represents periods with firm chronology, and the dashed 49 
lines represents periods where age ranges are not firmly established. The question marks indicate 50 
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